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2pulse applied for duration  . For a systematic measure-
ment we vary the Stark pulse duration  while keeping
the separation of the Ramsey pulses constant. The fre-
quency of the population variation P
D
( ) directly yields











ion is stored in a
linear Paul trap made of four blades separated by 2 mm
for radial connement and two tips separated by 5 mm
for axial connement. Under typical operating condi-










has a single valence electron and no hyperne structure.





transition at 397 nm. Diode lasers at 866 nm and
854 nm prevent pumping into the D states. For sideband




transition with a Ti:Sapphire laser near 729 nm
( 100 Hz linewidth). With ' 30 m beam waist diame-
ter and ' 50 mW laser power we achieve Rabi frequencies
around 1 MHz, measured by driving jSi to jDi Rabi os-
cillations resonantly [4, 5]. A constant magnetic eld of





multiplet. The chosen geometry and polarization
allow excitation of m = 0 and  2 transitions only.
We detect whether a transition to D
5=2
has occurred by
applying the laser beams at 397 nm and 866 nm and
monitoring the uorescence of the ion on a photomulti-
plier (electron shelving technique). The internal state of
the ion is discriminated with an eÆciency close to 100%
within 3 ms [5].
The measurement cycle (total duration 20 ms) consists
of four consecutive steps: (i) Doppler cooling leads to
low thermal vibrational states of axial and radial modes,
hn
r
i  3. (ii) Sideband cooling of the axial motion is per-



















i is counteracted by several
short pulses of 
 
radiation at 397 nm. (iii) Ramsey spec-
troscopy on the jSi to jDi transition, see Fig. 1b. The
=2 pulses have 8 s duration and 200 s separation. An
intermediate o-resonant laser pulse (Stark pulse) with






duces a phase shift  = Æ
AC
 . (iv) The nal state after
the second Ramsey pulse is determined by electron shelv-




The sequence (i)-(v) is repeated 100 times to measure
P
D
for each value of  and 
AC
. Varying  yields data
as shown in Fig. 2a. From the t of P
D
to the data
we nd the AC-Stark shift Æ
AC
. For a given 
AC
each
experiment was conducted twice to cancel a slow phase
drift of the Ramsey pulses due to a laser frequency drift
on the order of 1 Hz/s: First the Stark pulse duration
was increased with each step from  = 0 to  = 200 s,
then it was decreased again. The frequency detuning

AC
of the Stark pulse is varied over several Zeeman
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FIG. 2: (a) Ramsey pattern: The AC-Stark shift is deter-





13.9(0.2) kHz. The phase oset is due to a small detuning of
the Ramsey pulses. (b) Compensation of the AC-Stark eect:
The ion is illuminated by the Stark pulse and an additional
o-resonant compensation laser eld which causes an equal
AC-Stark shift, but with opposite sign. Data are taken alter-
nating, with  = 0 s (black) and 200 s (white), see text for
details. We estimate a residual Æ
AC
=2 = 0.25(3) kHz.




manifold. Note that we
extract only the modulus but not the sign of Æ
AC
from
the t of P
D
. The signs are attributed to the measured
results according to the theoretical expectation discussed
below. We determine the variation of the light intensity
I() with the laser frequency detuning using a calibrated
powermeter. From this we normalize the ac-Stark shift
as Æ
AC
I()=I(0) to obtain the data plotted in Fig. 3.
There are three contributions to the AC-Stark shift: In
our parameter regime the largest contribution is due to
the dierent Zeeman transitions permitted by our par-















The second largest contribution arises from o-resonant











. A third contribution is caused by motional side-
bands: For a trapped ion, the Rabi frequencies on the red










n+ 1, respectively, where  denotes the Lamb-
Dicke factor and n the phonon quantum number in the
vibrational mode. With an ion cooled to the ground state
of motion (hn
ax
i  0) and with 
ax
= 0:07, we expect
 0:5% relative contribution of the blue axial sideband
to the overall AC-Stark shift. The contribution of the
red axial sideband vanishes. Similar reasoning holds for
the radial motion with hn
rad
i  3 and 
rad
= 0:016. We
therefore neglect these contributions in the following.
The other relevant contributions to the AC-Stark shift



































denotes the Rabi frequency of the Stark laser
















, which are (2)8:4 MHz in the
3experiment. An explicit calculation of the matrix ele-








of the relative coupling strengths. We dene a
 1=2
to
be one, since the Ramsey spectroscopy is carried out on
this transition. From the laser polarization and laser axis
with respect to the magnetic eld axis we calculate [15]
a
 5=2
= 0:278 and a
3=2
= 0:0556. The factor of 2 in









appears because the Ramsey method is applied on this
transition such that the shift of both the upper and lower
state is detected. From the other Zeeman components,
however, only the shift of the lower state jSi becomes ap-
parent. The constant b in Eq. (1) contains the squared
relative coupling strengths to all other dipole transitions.
No dependence on the laser detuning appears since the
transitions are far o-resonant.
The optimum t of Eq. (1) to the data in Fig. 3 is
obtained with a
 5=2
= 0:32 (2), a
+3=2






=2 = 357 (3) kHz. We
independently measured a
 5=2
= 0:36 (2) and a
+3=2
=
0:05 (1) with resonant Rabi oscillations. These values
agree within their error margins with those obtained from
the t to the Stark shift data.
Most of the current proposals for quantum computa-
tion require that the ion is driven on the motinal side-
bands. Applying a laser on the blue axial sideband of
the jSi $ jDi transition (\gate laser") at a detuning of
=2= +1.7 MHz results in a negative AC-Stark shift.


















Detuning at 729nm D/2p  (MHz) 
8.4-8.4
FIG. 3: The measured ac-Stark shift data (see Fig. 2a) are
normalized according the measured laser power I()=I(0)
which varies by about 50 % over the whole tuning range of
. This normalized data (squares) and calculated (line) Stark
shift Æ
AC
(Eq. ref) are plotted versus the detuning 
AC
of the
Stark pulse from the jSi   jDi resonance. The divergences















(from left to right). Two data points at large detunings are
not shown. They read Æ
AC
=2 = 5:88 kHz and 8.49 kHz for
detunings 
AC
=2 = 40 MHz and 60 MHz, respectively, and
are equally well described by the theoretical curve.
However, shining in a second light eld at a frequency
whose AC-Stark shift is positive can compensate for this
unwanted phase shift. As discussed in the introduction,
such an AC-Stark shift cancellation is a prerequisite for
any quantum algorithm. Our method to determine the
optimum setting of the compensation laser consists of
the following steps: First we detune the gate laser by
' 80 kHz from the sideband resonance to avoid exci-
tation into the D state (its AC-Stark eect however is
still practically identical to that of a laser eld resonant
with the sideband). Then we minimize the total AC-
Stark eect by adjusting the intensity and detuning of
the compensation laser eld such that the oscillations in
P
D
disappear. Both light elds are generated from the
output of a single Ti:Sapphire laser by driving a broad-
band AOM (in double pass conguration) with the two
rf-frequencies simultaneously. Since both light elds are
derived from the same laser, intensity uctuations do not
aect the compensation.
The accuracy to which the AC-Stark eect can be




S=N , where T
R
de-
notes the Ramsey interrogation time (here 200 s) and
S=N the signal to noise ratio of the state measurement.
Integrating this measurement for long times, to improve
S=N , is limited by the frequency drift of the laser source
near 729 nm (typically  1 Hz/s), since a drift of the
relative phase of the Ramsey pulses mimics a residual
AC-Stark eect. To overcome this problem, we optimize
the Rabi frequency and detuning of the compensation
laser by alternating Ramsey experimental sequences with
 = 0 and  ' 200s. Thus, a slow drift is discriminated
against a residual phase shift due to imperfect compensa-
tion. Limited by the shot noise of P
D
( ), any AC-Stark
eect can be cancelled to within ' 230 Hz in 60 s.
See Fig. 2b for the compensation data over the course of
time, each data point corresponding to 100 repetitions of
the experimental sequence and a time duration of 2 s.
As an application of the compensation method we
demonstrate the sign change of a wavefunction, a sim-
ple building block frequently required in quantum algo-
rithms. A driven spin-1/2-system transforms into its ini-
tial state only by a 4 rotation, whereas a 2 rotation
leads to a sign change of the wavefunction. This phase
shift is the central part of the Cirac{Zoller proposal [8] for
quantum gates with trapped ions [16]. Similarly, Ramsey
experiments on Rydberg atoms have been performed in
the microwave regime, to investigate the AC-Stark shift
of the electromagnetic vacuum eld [17] and to perform
a tunable phase gate [18].
In our experiment, the ion is rst prepared in the vi-
brational and electronic ground state and then driven
resonantly between the jS; n = 0i and jD; n = 1i state
(blue axial sideband near =+1.7 MHz), with the AC-
Stark compensation laser eld switched on. Fig. 4a shows
the corresponding Rabi oscillations.
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